Introduction
The flow-field in a dual-mode scramjet is transistional between the low-speed flight regime (vehicle flight Mach below approximately 5) and the high-speed flight regime (vehicle flight Mach number above approximately 8). For this reason, the operating range for a scramjet between flight Mach 5 and Mach 8 is called the mid-speed range or dual-mode regime. In this range engine performance is characterized by complex transistional fluid dynamics, intermediate between the two limits of a completely subsonic combustor flow-field and a completely supersonic combustor flow-field. In the case of the sub-
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A numerical investigation of an experimental dual-mode scramjet configuration is performed. Both experimental and numerical results indicate significant upstream interaction for this case. Several computational cases are examined: these include the use of jet-to-jet symmetry and entire halfduct modeling. Grid convergence, turbulence modeling, and wall temperature effects are studied in terms of wall pressure predictions and flow-field characteristics. Wall pressure comparisons between CFD and experiment show fair agreement for the jet-to-jet case. However, further computations of the entire half-duct show the development of a large sidewall separation zone extending much further upstream than the separation zone at the duct centerline. This sidewall separation is the dominant feature in the CFD-generated flowfield but is not evident in the experimental data, resulting in a unfavorable comparison between CFD and experimental data. Current work aimed at resolving this issue and at further understanding asymmetric flow-structures in dual-mode flow-fields is discussed.
sonic (low-speed) limit, engine throttling determines upstream component (inlet) performance and mass capture. This occurs most generally through the mechanism of shock waves located inside the inlet for supercritical operation and external to the inlet for subcritical operation. The placement of these shocks is driven largely by the ratio of the totalenthalpy flux entering the engine to the heat release in the subsonic combustor. Conversely, for a completely supersonic combustor flow-field (high-speed case), inlet performance and mass capture are independent of engine throttling in general, i.e. the flow-field of components upstream of the combustor are not affected by the heat release in the combustor. However, as flight Mach number is lowered for a scramjet, the total enthalpy flux entering the combustor is lowered such that the ratio of heat released to entering enthalpy climbs rapidly. Eventually, flow-field interactions upstream of the combustor begin to take place. A scramjet designed for high-speed operation will unstart when operated in the mid-speed region, i.e. a shock will establish itself at a location external to the engine with corresponding large changes in performance, unless suitable design changes are made.
The most common design features which allow for started dual-mode scramjet operation include 1) small backward facing steps located forward in the combustor which tend to contain the combustion-induced pressure rise aft of the steps, 2) area expansion in the combustor in order to maintain flow expansion and delay the formation of thermal choke, 3) the addition of a constant-area duct upstream of the combustor in order to allow some limited upstream interaction without necessarily affecting the inlet (this component is termed the isolator due to its tendency to isolate the inlet from the combustor) and 4) staged injection in which fueling is performed at various axial locations depending on the flight regime in order to control heat release schedule and location. All of these features are generally regarded as necessary for successful dual-mode operation.
The mechanism of upstream pressure rise in a dualmode system with isolator occurs through the formation and evolution of an upstream oblique shock-train system (see figure 1) . This shock system forms in the isolator and is associated with the development of upstream recirculation zones on isolator walls; as the engine is throttled (or equivalently as downstream heat release/pressurization increases), these recirculation zones with their associated shock structures move forward, hence increasing the extent and magnitude of the upstream pressure rise. It is critical for engine design and for successful engine operation to properly understand the physics of the upstream interaction in a dual mode scramjet engine. However, the flow-field in the isolator-combustor for dual-mode operation is complex and highly variable; the core flow can be entirely subsonic or remain supersonic. Broad features of the flow are driven by relatively small effects such as incoming boundary-layer characteristics. Due to the large recirculation bubbles present in the flow, three-dimensional characteristics can be significant and coupling of these recirculation regions with walls and corner flows can cause significant lateral distortion.
The dual-mode flow-field therefore represents a highly-challenging problem for computational fluid dynamics. This is due to 1) the strongly elliptical nature of the flowfield associated with the extensive upstream interaction, 2) the related importance of high-level turbulence modeling necessary to predict the extent and shape of that interaction, 3) downstream mixing and combustion at low(er) Mach number, 4) the simultaneous presence of large bulk subsonic and supersonic regions embedded within the combustor/isolator, and 5) possible unsteadiness and resulting asymmetric flow features in geometrically symmetric configurations.
The specific purposes of this paper are to investigate numerically a) grid refinement issues, b) wall temperature effects, and c) turbulence model effects for a selected dualmode configuration with experimental data. In addition, sidewall effects on the same flow-field are studied. Differences between computational modeling and experimental data are discussed and analyzed.
Previous work in the area of dual-mode analysis and predictive capability includes the early work of Billig 1 , Billig et al 2 , and Waltrup and Billig 3, 4 . They developed correlations based on one-dimensional and two-dimensional flow analysis which included such drivers as incoming boundary-layer thickness and maximum combustor pressure rise. These correlations perform well on simple model geometries (axi-symmetric or two-dimensional) but are not generally suitable for more complex three-dimensional problems except for providing directions and trends. Experimental studies at the National Aerospace Laboratory (NAL) in Japan have been performed by Komuro et al 5, 6 and further reported on by Chinzei et al 7 . Recent computational studies of the same configuration are described in papers by Mizobuchi et al 8 and Matsuo et al 9 . This experiment, featuring a direct-connect scramjet combustor-isolator rig, has been chosen for analysis in the present paper.
The second section of this paper provides a brief description of the experimental configuration of the NAL scramjet. The third section of the paper is a review of the computational method (code) used in the present study. The fourth section presents computational methodology and results of the numerical study with comparisons to experimental data and subsequent analysis of the discrep-ancies between experimental data and the numerically-predicted flow-fields. Finally, the last section provides a summary of the investigation, ongoing work, and recommendations regarding the numerical simulation of dual-mode flow-fields.
Description of the Experiment
This section briefly describes the experiment examined in this investigation; greater detail can be found in the previously-mentioned references 5, 6, 7 .
The scramjet is essentially a rectangular-section, constant-width duct; the cross-section aspect-ratio is approximately 4.60. On both upper and lower walls there is a backward-facing step and, further downstream, a 1.7°wall expansion. These two features divide the scramjet in three sections: isolator, combustor and expansion. In the following description the isolator height h isol (= 0.032 m) will be used as reference length; actual dimensions can be obtained from figure 2.
The steps have a height of 0.10 h isol . Injection takes place 0.40 h isol downstream of the steps. There are five injectors on the bottom wall, and four on the top; the top injectors are interdigitated with respect of the bottom ones. The two side orifices on the bottom wall are half the area of the others; this arrangement is intended to provide the same fuel flowrate on both walls.
A vitiated air-heater provides the inflow to the scramjet through a Mach 2.5 (nominal) facility nozzle; this is intended to represent a flight condition of Mach 7.5. As will be explained subsequently, this nozzle was simulated numerically and the exit conditions used as inflow for the present calculations.
Hydrogen is injected through the orifices at sonic conditions, with a total temperature of 280°K. In the experiment the fuel flowrate was varied for equivalence ratios φ that ranged from 0 to 1.0; actual injection conditions will be described later in this paper.
Description of the VULCAN Code
VULCAN 10 (a Viscous Upwind aLgorithm for Complex flow ANalysis) is a cell-centered finite-volume, structured grid, multi-block code which solves the equations governing inviscid and viscous flow of a calorically perfect gas or of an arbitrary mixture of thermally perfect gases undergoing nonequilibrium chemical reactions. VULCAN allows the flow domain to be decomposed into regions in which the most suitable algorithm (elliptic or marching) can be utilized.
The inviscid fluxes are computed using a 2nd-or 3rd-order accurate MUSCL scheme 11 with either the approximate Riemann solver of Roe 12 or the low-dissipation fluxsplitting scheme of Edwards 13 . The viscous fluxes can be evaluated either with or without cross derivative contributions using second order central differences.
The equations governing spatially-elliptic flows are solved by marching their unsteady form in time while the equations governing spatially-hyperbolic (e.g. the Euler equations in supersonic flow) and spatially-parabolic flows (e.g. the parabolized Navier-Stokes equations) are solved by marching their unsteady form in space while locally iterating in pseudo-time to a steady state solution. The four schemes available for marching in physical or pseudo-time are: a multi-stage Runge-Kutta scheme, a diagonalized approximate factorization scheme, a block approximate factorization scheme, and a diagonally dominant alternating direction implicit scheme.
Several two-equation turbulence models are implemented in VULCAN, in such a manner as to allow flexibility when modeling the Reynolds stresses. If one of the eddy-viscosity based two equation turbulence models is selected, the Reynolds stresses are modeled using the Boussinesq approximation. However, if an explicit algebraic Reynolds stress two-equation turbulence-model is selected, then the Reynolds stresses are modeled with a non-linear constitutive relation 15, 16, 17 .
The two-equation turbulence models in VULCAN can be categorized as k-ε based models, Wilcox's k-ω based models and Menter's k-ω models. The k-ε based models can be solved with either the Boussinesq model or an explicit algebraic Reynolds stress model 14, 16 . The Wilcox k-ω based models are available in three forms 18 : a high Reynolds number model, a low Reynolds number model, and an explicit algebraic Reynolds stress model. The k-ω models of Menter 14 are available in two forms: the baseline model (BSL) and the Shear Stress Transport (SST) model.
A correction to each model for compressibility effects is also implemented using the compressible dissipation model of Sarkar et al. for k-ε based models 18 , and the compressibility model suggested by Wilcox 18 (which incorporates Sarkar's model as well as Zeman's lagging function) for all of the k-ω based models (including Menter's).
The near-wall behavior of the k-ε two equation models is controlled through the introduction of the low Rey-nolds number modifications of Abid 15 . The near-wall behavior of the k-ω two equation models is treated either by integrating the high-Reynolds number form of the equations to the wall (without any special wall treatment), or by integrating the low Reynolds form of the Wilcox k-ω two equation model to the wall.
If integration to the wall is not feasible for a given problem, the wall matching function approach of Wilcox 18 can be used. This approach models the wall shear stress and heat transfer by enforcing a compressible law of the wall which includes additional terms that model streamwise pressure gradients. Wilcox showed that inclusion of the pressure gradient terms in the wall matching function dramatically improved predictions of shear stress.
Results
For the purposes of the present investigation, two computational domains will be considered: a jet-to-jet domain (described below), and a domain comprising half the crosssection shown in figure 2 . Following are the characteristics common to both simulations.
The domain extends from the inlet of the isolator to 12.50 h isol downstream of the steps. This length is shorter than that of the experimental duct, but is sufficiently long to provide supersonic conditions at the exit.
Inlet conditions were obtained from the numerical simulation of the facility nozzle. For convenience, the nominal inlet conditions of the vitiated flow are provided in table 1. For the jet-to-jet domain, the inlet centerplane-profiles were propagated along the width of the domain. Exit conditions were set as supersonic extrapolation.
Unless otherwise noted, all solid walls are modeled as no-slip and isothermal, with constant wall-temperature set at 500°K based on information provided to the authors by the NAL researchers. The property profiles at the injectors were assumed to be uniform. Hydrogen is injected at sonic conditions, with conditions given in table 2. No fuel flowrates are quoted in the references; rather, they are given in terms of the equivalence ratio φ (with a discharge coefficient of 0.85 assumed for all injectors). Therefore, for the present calculations the fuel flowrates were determined as functions of the numerical inlet flowrates. The flowrates, in turn, determine the injectant density as a function of the global φ.
The corresponding values will differ for the two computational domains and are given below.
Unless otherwise noted, all cases were run with the following code methodology (which defines a baseline condition). The inviscid fluxes were calculated with the low-dissipation flux-split scheme, with MUSCL thirdorder interpolation and Van-Leer limiter. Menter's k-ω baseline (BSL) turbulence model was used, with Wilcox' wall-matching and compressibility-correction functions. The flow was modeled as a chemically-reacting mixture of thermally-perfect gases. Both turbulent Prandtl and Schmidt numbers were set at 0.50; these values are consistent with shear-dominated flows. Finite-rate chemistry was simulated with a 7-specie, 7-equation model. Time integration was performed using the implicit, diagonal approximate-factorization scheme, with local time-stepping. Most of the cases were run on a Cray c90 supercomputer, using a single processor. CPU times were approximately 120 µs/iteration/point. CFL numbers ranged from 0.1 to 5.0. Convergence was considered achieved when no changes were observed in the wall-pressure traces, which usually required between 15,000-20,000 iterations. 
Jet-to-Jet Domain
For this case the domain was restricted from lower-jet centerline to upper-jet centerline. Furthermore, the upperhalf of the domain was replaced with an anti-symmetric boundary at the horizontal centerplane. The numerical inlet flowrate was found to be 7.226×10 -2 kg/s. All cases were run with φ=1, which results in ρ j = 0.286 kg/m 3 .
Three grids were used for the jet-to-jet calculations. Their dimensions are given in table 3 in the form axial × vertical × lateral. Unless otherwise noted, all results to be shown in this section correspond to the medium grid. For the present conditions, this grid has a y + at the wall of less than 100, which is adequate for the use of wall-matching functions. Figure 3 shows the centerplane Mach contours for the baseline condition (for better resolution, the vertical scale is twice the horizontal). For this high-φ condition the degree of upstream interaction is substantial, reaching about 4 h isol upstream of the steps. The recirculation bubbles and the shock-train, typical of dual-mode combustion, are clearly seen. The flow chokes in the vicinity of the steps and reaccelerates to supersonic at the beginning of the expansion.
Wall pressures at the bottom on the centerplane are compared in figure 4 with the data of reference 5. The extent of the upstream interaction is close to the experimental value, but the peak pressure is overpredicted by about 15%.
The mixing and combustion efficiencies are shown in figure 5 with the corresponding experimental values. For the jet-to-jet domain, the efficiencies are overpredicted with respect to the data. Also, the difference between the two efficiencies is greater than indicated in the experiment.
In order to study grid refinement, a comparison between the grids described in shown in figure 6 in terms of the wall pressures. Grid convergence appears to have been achieved; the medium grid is adequate for the present studies, and will provide the baseline reference. On the other hand the coarse grid, while quantitatively inadequate, gives acceptable qualitative results. This suggest that coarse grids can be used as a first approximation in order to study the qualitative behavior of a given flowfield, before committing to a more accurate (and costly) calculation.
Since there is some uncertainty regarding the actual wall temperatures, the sensitivity to wall conditions was explored. Figure 7 compares the wall pressures for the isothermal condition used with an adiabatic one. The extent of the upstream interaction appears to be the same, while the adiabatic case shows somewhat lower peak-pressures. It is possible that the thinner boundary-layer in the isothermal case causes a greater turning-angle at the leading-edge of the bubble, resulting in a stronger shock. However, both conditions give similar results. This would suggest that some uncertainty can be tolerated in the definition of the conditions at the walls, at least for this problem. While working on the half-width calculations (to be shown in the following subsection) a curious anomaly was encountered, which is presented in figures 9 and 10 (for a coarse grid with baseline conditions). When the antisymmetric boundary is removed and the entire height solved, the resulting flowfield is not antisymmetric (even though the domain, grid and boundary-conditions are). Figure 9 shows that the lower recirculation bubble dominates the upper one; other calculations, with small changes in the set-up, may show the opposite. The overall upstream interaction is bigger, and the peak-pressure smaller, than predicted by the half-height calculation ( figure 10) ; the impact of the shock-train on the upper-wall is apparent. This phenomena may be explained as the 'buckling' of the 'inviscid' core flow between the bubbles. It appears to occur when the length of the upstream interaction exceeds 1-2 times the height of the domain. Further work is under way to understand this behavior.
Half-width Domain
Fuel contour-plots from reference 7 show a considerable amount of three dimensionality. Specifically, excess fuel appears to concentrate in the middle of the flow, suggesting that the inflow is being pushed towards the sidewalls. This may result in lower pressures at the centerplane, as well as lower efficiencies. In any case, this effect puts into question the lateral-symmetry assumption implicit in the jet-to-jet calculations.Therefore, it was decided to model the entire half of the domain to see if this behavior could be reproduced. Obviously, this required the use of a symmetry boundary to represent the other half. Referring to what was said at the end of the previous sub-section, numerical experimentation showed that the flowfield is actually symmetric with respect to the centerplane, which therefore is taken as a true symmetry plane.
For the half-width domain the numerical inlet flowrate was found to be 0.66 kg/s. The equivalence ratio was reduced to φ=0.80, because of concerns of the interaction going into the nozzle (as will be discussed shortly). The resulting density for all injectors was ρ j = 0.266 kg/m 3 .
The grid used for the present calculations was 101 × 25 × 63 for the isolator, and 103 × 37 × 63 for the combustor and expansion. This grid is equivalent to the coarse grid used in the jet-to-jet calculations. Therefore, it is expected that it will provide adequate qualitative information in anticipation of a grid-refined calculation. The rest of the code methodology is the same as in the jet-to-jet baseline condition.
The Mach contours for this case are shown in figure 11 ; in this view, the symmetry centerplane is at the back while the sidewall is nearest to the viewer. CFD predicts a massive upstream interaction on the sidewall, and a much smaller (and discontinuous) one at the centerplane; this result is clearly at odds to what the jet-to-jet calculations (and the data) suggest. Note that the sidewall bubble is very close to the inlet. Apparently, this bubble pushes the inflow towards the centerplane, and as a result it "sweeps" the downstream portion of the center bubble; this may account for the shorter length of the latter. The discontinuous nature of the centerplane upstream-interaction is reflected in the wall-pressure trace ( figure 12 ). Clearly the wall pressure is far below the data, which is a result of the shorter centerplane bubble.
The fuel contour-plots and efficiencies can be seen in figures 13 and 14, respectively. As could be expected from the previous discussion, the fuel tends to be pushed towards the sidewall in direct contrast to the experimental results. This relatively large amount of fuel entrained near the sides probably accounts for the lower numerical efficiencies (at least for the combustor section). It should be noted that the efficiencies shown correspond to the φ = 1 condition.
Conclusions and Future Work
A dual-mode scramjet combustor configuration which has experimental data indicating substantial upstream interaction has been modeled numerically. Results show the development of a significant oblique shock/expansion train upstream of the combustor. Several computational studies are discussed in this investigation; a sub-domain using jet-to-jet symmetry was first modeled and effects of grid refinement, wall temperature, and turbulence models were examined. Predicted wall pressures for all these cases are in reasonable agreement with the experimental data with the best relative performance exhibited by both the Wilcox 1998 k-ω turbulence model and, in particular, the explicit algebraic-stress model (EASM). Grid convergence is conclusively demonstrated for this study. Cold wall and adiabatic wall treatment yield similar results in terms of wall pressure prediction and extent of upstream interaction; small differences may be attributed to boundary layer effects and incident shock angles at the leading edge of the upstream separation bubbles. Overall, comparisons between CFD and experimental data indicate a slight overprediction in peak wall pressure and a slight underprediction of upstream interaction distance.
Qualitative fuel/air contour plots obtained experimentally indicate that there is a bulk movement of the air around the fuel-injector array (toward the side walls) resulting in a fuel-rich core along the duct centerline. This is a possible explanation for the higher wall pressures along the centerline for the CFD; the CFD, using jet-to-jet symmetry, cannot capture this bulk lateral movement of the air and hence fuel/air reaction occurs nearer to stoichiometric conditions at the centerline.
Due to these three-dimensionality concerns, a study was initiated in which the entire half-width of the duct was modeled. Wall pressures and upstream interaction are significally underpredicted for this case; in fact, the data comparison is considerably degraded from that achieved with jet-to-jet symmetry even though nominally the lateral movement of the air should be better captured. The reason for this discrepancy is that the CFD predicts the development of a large forward recirculation zone on the isolator sidewall. This sidewall separation directs air toward the centerline of the duct. Note that there is no indication of this effect in the experimental data. In fact, just the opposite is seen to occur (there is a bulk movement of the incoming air toward the sidewall which indicates little or no significant additional separation on the isolator sidewall). Several possibilities have been and are being investigated to explain this discrepancy. Primary focus at this time is on turbulence modeling associated with corner flows; important secondary-flow features are not predicted when using standard two-equation turbulence models. Relatively large vortices associated with the secondary flows in the corners near the sidewall should significantly reduce the extent of flow separation along the sidewall. However, recent computations using the EASM model (which offers better prediction capability for such flows) have not shown any significant impact on the side-wall separation phenomena observed in the CFD. This problem is currently under study.
In addition to the side-wall separation issue discussed above, related studies with regards to the use of symmetry and anti-symmetry boundary planes have indicated the development of asymmetric flow structure between top and bottom regions in geometrically symmetric two-dimensional test cases as well as in the three-dimensional problem discussed in this investigation. Such cases are characterized by stronger shocks on one wall than on the other (top to bottom) and occur primarily when upstream recirculation zones are sufficiently large. Note that such flows are in equilibrium, i.e. the effect is observed at steady-state. Several possibilities are being examined as candidates to explain this effect. Levy et al 19 contend that some time-integration algorithms (particularly the diagonal approximate factorization used here) are not symmetry-preserving, i.e. small non-symmetric error can induce eventual development of asymmetric flow-fields in symmetrically-constrained (symmetric geometry and boundary conditions) problems; such behavior is seen in various flows such as slender bodies at high angles of attack and can mimic transient-disturbance induced asymmetry observed experimentally. However, in the present investigation, the experimental wall pressure data indicates no discernible asymmetry. There is, however, experimental evidence in similar cases 20 indicating that upstream shock trains on backpressured geometries can, in fact, develop and stabilize with asymmetric features very similar to what has been observed in the CFD generated flow-fields in this investigation. Currently, studies are underway to clarify whether this effect is primarily a physical issue or a modeling issue. 
